Abstract.-Low-angle X-ray data from live myelinated nerve are interpreted in terms of an electron density strip model containing a total of seven parameters. Model parameters are assigned to three varieties of peripheral nerve and two kinds of central nervous system nerve. Cytoplasmic and extracellular fluid channels which occur as independent layers parallel to the plasma membrane surface are identified and described. An explanation of the Patterson function of myelinated nerve is given in terms of the proposed electron density strip model.
Abstract.-Low-angle X-ray data from live myelinated nerve are interpreted in terms of an electron density strip model containing a total of seven parameters. Model parameters are assigned to three varieties of peripheral nerve and two kinds of central nervous system nerve. Cytoplasmic and extracellular fluid channels which occur as independent layers parallel to the plasma membrane surface are identified and described. An explanation of the Patterson function of myelinated nerve is given in terms of the proposed electron density strip model.
Introduction.-Nerve fibers which are myelinated have a myelin sheath surrounding the axon at periodic intervals along the length of the nerve fiber. Nerve myelin refers to the myelin sheath and consists of concentric layers of lipoprotein spirally wrapped around the axon. There are two main types of myelinated nerves: peripheral and central nervous system nerves. The radial repeating unit in live myelinated nerve is 150-185 A depending on the type of nerve. 1 2 There are two plasma cell membranes per radial repeat. These two plasma membranes together form the membrane pair. A problem of current interest is to elucidate the molecular organization of live nerve myelin. X-ray data on possible subunit structure within the membrane surface have not been recorded.3 The available low-angle X-ray data2' 4provide information on the molecular structure of the membranes as a function of depth measured in the radial direction. An interpretation of the low-angle X-ray pattern of nerve usually involves a Fourier analysis of the X-ray data. A Fourier series representation for live nerve can now be computed, since the phase problem has been solved.4 However, the resulting Fourier synthesis is difficult to interpret because of limited resolution. On the other hand, the model approach5 can lead to a precise determination of pertinent structural parameters.
In a recent X-ray analysis of nerve myelin,3' 4an electron density strip model containing uniform electron density layers parallel to the membrane surface was used to account for the low-angle X-ray diffraction data. The use of electron density strip models in the X-ray analysis of membrane-type structures has been described.5 This earlier model for nerve myclin used the familiar symmetric triplelayered unit for the plasma cell membrane component; two such units with their inner (cytoplasmic) surfaces in contract formed the membrane pair. A fluid layer was included between the outer (extracellular) surfaces of the adjacent membrane pairs. The model was centrosymmetrical and had a total of five parameters. Model parameters were assigned by computing the theoretical diffraction from the various models and evaluating the R value, an index of how closely the theoretical diffraction matches the observed diffraction data.
This earlier symmetric membrane model was proposed primarily to account for the diffraction patterns recorded from frog sciatic nerve swollen in three media: distilled water, 0.24 M sucrose solution, and 0.82 M sucrose solution.' 6 These X-ray patterns showed more than the usual five orders of diffraction (h = 5) normally recorded from nerve myelin: the distilled water data (h = 8), the 0.24 M sucrose data (h = 13), and the 0.82 M sucrose data (h = 11). X-ray intensities were accurately measured and model parameters (three operational parameters) were found which gave good agreement with the observed diffraction: R = 10 per cent for the distilled water, R = 6 per cent for the 0.24 M sucrose data, and R = 9 per cent for the 0.82 M sucrose data.
An attempt was also made to use this symmetric membrane model to account for the X-ray diffraction patterns of live nerve myelin.3 The comparison was made using the first six diffraction orders (h = 6) of three varieties of peripheral nerve myelin: sciatic nerves of frogs, rats, and chickens. The R values were 11, 14, and 12 per cent, respectively. This is fair agreement but it is not nearly as good as that obtained for swollen peripheral nerve. This model was also tested with a variety of nerves of the central nervous system, for instance, frog optic nerve (h = 5) and frog spinal cord (h = 5). The R values were 7 and 6 per cent, respectively. The agreement was better than that of peripheral nerve but fewer diffraction orders (h = 5) were used in the comparison. However, a more complicated model with a few additional parameters might be a better choice for nerve myelin. I now examine this possibility in the following sections.
Theory.-The model chosen is designed to demonstrate whether or not there is an independent fluid layer between the inner (cytoplasmic) surfaces within the membrane pair and also whether or not the layers of higher electron density on either side of the region of low electron density are symmetric. The nonsymmetric triple-layered membrane model is shown in Figure 1 tron density region has electron density L and thickness 1, the higher electron density layers have the same electron density P, and the fluid layers have electron density F. The electron density of the fluid is assumed to be the same in both the cytoplasmic layer of thickness c and the extracellular layer of thickness d -v. The membrane pair has width v = 2p + 2q + 21 + c. The model has a total of seven parameters P, L, F, v, c, p, 1. Note that if c = 0 and p = q, then this nonsymmetric membrane model transforms to the earlier symmetric membrane model.
The electron density of the one-dimensional centrosymmetrical model is denoted by t(x) and t(x) =± T(X), where T(X) is the Fourier transform and x, X are real and reciprocal space coordinates. However, the appropriate Fourier transform for model comparison is T'(X), the theoretical diffraction amplitude. 5 The various formulas for the electron density strip model have been previously derived.5 Hence T'(X) for the present model is given by
-21 sine rlX cos ir (2p + I + c)X], (1) where sine 0 = sin 0/0 and a = (P -F)/(P -L). Bragg's law is obeyed, that is, diffraction maxima occur when X = h/d, where h is the diffraction order and d is the radial repeat distance. When the theoretical and observed diffraction data are compared via R-value calculations on an IBM 360/67 computer, the term (P -L) vanishes during the normalization procedure. Hence, the model has only five operational parameters: a, v, c, p, 1.
Results.-This nonsymmetric triple-layered membrane model was first tried with the three swollen peripheral nerve patterns. No improvement in R value was obtained for the 0.24 and 0.82 M sucrose data; hence, in these two cases c = 0 and p = q. However, in the comparison of this model with the X-ray data from frog sciatic nerve swollen in distilled water, an improved R value of 7 per cent was obtained when the following values were adopted: p = 27 A, q = 30 A, and c = 0 as before. Note that in each of the three favored models for swollen nerve there is no cytoplasmic fluid layer, that is, c = 0.
In order to test this model with the three live peripheral nerves, the first seven orders of diffraction (h = 7) were used in each case. Significant improvement in R values was obtained and the assigned model parameters are shown in Table 1 . The low-density regions within the plasma membrane components are 22-23 A wide for the three varieties of sciatic nerve; these values are somewhat larger than those derived previously with the earlier symmetric membrane model.' 4 There is, however, a cytoplasmic fluid layer of 6-10 A and an extracellular fluid layer of 15-17 A. The outer high-density layers of the plasma membrane components are not symmetric: the outer layer which faces the extracellular fluid exceeds the inner layer by about 3-5 A in each of the three sciatic nerves.
The present model was also tested with two live nerves of the central nervous system: frog optic nerve and frog spinal cord. A meaningful assignment of model parameters calls for the number of diffraction orders (h) to exceed the number of operational parameters. The low-angle X-ray patterns2 of the central nervous system myelins are not as detailed as the peripheral nerve patterns, but the first six diffraction orders (h = 6) were used in R-value calculations in the two cases. Very low R values were obtained, which to some extent reflected the fact that the number of diffraction orders was only slightly greater than the number of operational parameters, that is, six compared to five. Nevertheless, the R-value minima showed a fairly sharp variation with change in model parameter, suggesting that the good agreement was meaningful. The lowdensity regions within the plasma membrane components are 23-24 A wide for the two nerves of the central nervous system; again, these values are somewhat larger than those derived previously, using the earlier symmetric membrane model.4 There is a cytoplasmic fluid layer of 68 A and this layer has about the same width as the extracellular fluid layer. The outer high-density layers of the plasma membrane components are not symmetric and, like the case of peripheral nerve, the outer layer is wider than the inner layer. In the two nerves of the frog's central nervous system, the outer layer exceeds the inner layer by 5-6 A, a slightly greater difference than that shown by the peripheral nerves.
Patterson Analysis.-The Patterson function P(x) is the autocorrelation function of the one-dimensional electron density distribution t(x):
where * is the convolution symbol.
There is another Patterson function P'(x), which can be computed with the corrected X-ray intensities Job.(h):
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The correctness of a model can also be tested by computing P(x) directly from the model and making a comparison with the experimental P"(x). The Patterson function has been previously neglected in structural studies otl nerve myelin, since an interpretation was not forthcoming. A partial explanation has been given for live nerve myelin, using the earlier symmetric membrane model.4 However, this model fails to account exactly for the position of a minor peak in P"(x) which occurs at x = d/4.
The Patterson function P'(x) for chicken sciatic nerve is shown in Figure 2 . P"(x) was computed with formula (3) Figure 2 ; in particular, the minor peak occurs at x = (d/4) E 1 X and the major peak also occurs at
In order to examine whether the present model can account for the experimental P"(x) curve, P(x) is computed using formula (2). The following considerations are noted. The nonsymmetric membrane model has 1 = 23 A, which closely matches the observed origin falloff (see ref. 5) . The minor peak in P(x) is composed of two L and F correlations centered at x = p + (1 + c)/2 and at x = d/2 -[p + (1 + c)/2]. These two peaks are too close to be resolved separately. The average of these two peaks is at x = d/4, and therefore a single peak occurs at x = d/4. The major peak in P(x) is composed of two L and L correlations centered at x = 2p + 1 + c and at x = d -(2p + 1 + c). Again, these two peaks are too close to be resolved separately. The average of these two peaks is at x = d/2 and therefore a single peak occurs at d/2. Hence, the nonsymmetric triple-layered membrane model provides an explanation of the experimental Patterson function of live peripheral nerve myelin. Myelin of the central nervous system also has a similar Patterson function P'(x) but with some difference in shape. The major peak is greater but occurs in the same position at x = d/2; the minor peak is smaller but occurs in the same position at x = d/4. Hence, the present model also accounts for the experimental Patterson function obtained from the two live nerves of the central nervous system.
Discussion.-The high-density layer in the favored models of the three live peripheral nerves is thicker on the extracellular side by about 3-5 A. There is a cytoplasmic fluid layer of 6-10 A within the membrane pair and an extracellular fluid layer of 15-17 X between the adjacent membrane pairs. The widths of the fluid layers are closely similar for the three varieties of peripheral nerve which have radial repeat distances varying from 171 to 182 A. Therefore, the widths of the fluid layers are independent of the actual value of the radial repeat distances; the differences in the radial repeat distances are accounted for by the actual values of the widths of the layers of high electron density.
The layer of high electron density in the favored models of the two live central nervous system nerves is again thicker on the extracellular side by 5-6 A. Within the membrane pair there is a cytoplasmic fluid layer of 6-8 A which is similar in width to the cytoplasmic fluid layer in peripheral nerve. The extracellular fluid layer in myelin of the central nervous system is 6-8 A, and is approximately the same width as the cytoplasmic fluid layer.
The essential difference between our peripheral and central nervous system nerves is in the actual width of the extracellular fluid layer. In the peripheral nerves it is 15-17 A, whereas in the nerves of the central nervous system it is only 6-8 A. The widths of the regions of low electron density are about the same for both types of nerve, but the widths of the outer layers are proportionally larger in peripheral nerve.
There is no cytoplasmic fluid layer in the favored models of the three swollen peripheral nerves. The high electron density layers are symmetric for the two frog sciatic nerves swollen in sucrose solutions, but frog sciatic nerve in distilled water shows a slight asymmetry. This asymmetry is such that the outer layer is thicker, which is also true for all the live myelinated nerves so far examined.
It is well known that myelin of the peripheral nerve contains a high percentage of water (about 50%). Whether a certain fraction of this water occurs in independent layers or not was not previously known, although the idea of there being definite fluid channels within each radial repeat unit of peripheral nerve had been put forward at various times.1' 8 However, Finean7 has argued against there being fluid channels in peripheral nerve on the basis of the following experiment. If frog sciatic nerve is immersed in hypertonic Ringer's solution in which the tonicity is increased ten times, then an increased period d = 190 X was recorded. If an independent fluid layer was present, then, when the tonicity is increased, it is reasonable to expect a shrinkage to occur because of reduced electrostatic repulsion between the membrane surfaces. Because of the increase in the repeat period from 171 to 190 A, Finean7 concludes that the water component in niyelin is firmly associated with the lipid and protein components and it will not appear as an independent layer. In a recent X-ray study6 of frog sciatic nerve in hypertonic Ringer's solution, it was verified that when the tonicity of Ringer's solution was increased to eight times, then the repeat period increased. However, for a moderate increase in tonicity of two and four times, a smaller than normal repeat distance of 167 A was recorded. This observation of a reduced repeat distance is therefore in favor of the presence of independent fluid layers in peripheral nerve. The increased period observed when the tonicity of Ringer's solution is increased to eight or ten times is accounted for by some change in molecular structure occurring within the membrane pair. This change in molecular structure is readily deduced from a study of the X-ray intensities.
A persuasive argument in favor of there being fluid channels comes from a comparison of the radial repeat distances for air-dried and wet peripheral nerves.', 8 For instance, frog sciatic nerve in Ringer's solution has d = 171 A but, when air-dried, the period shrinks to d = 149 A (Blaurock and Worthington, unpublished). Schmitt8 argues that the difference between the wet and airdried periods can be accounted for by the removal of water within channels. Therefore it follows that there is a 171 -149 = 22 A water channel in frog sciatic nerve per 171 A repeat distance. Schmitt8 distributes this water equally between the cytoplasmic and extracellular compartments. Now the present model for frog sciatic nerve has a 6 A cytoplasmic and a 15 A extracellular fluid channel making up a total fluid thickness of 21 A per radial repeat. However, the nice agreement between this 21 A fluid thickness in the model and the difference of 22 A between the air-dried and live periods is fortuitous. It is fortuitous because the molecular structure of the plasma membrane has changed during air-drying, and the argument that the difference between the wet and air-dried periods can be accounted for by the removal of water within channels is not valid.
The present model for nerve myelin is in good agreement with the low-angle X-ray data. The model is limited in that it has a total of seven parameters. Additional diffraction orders of nerve myelin have been recorded,2 and slightly more complicated models than the present model are possible in future work. From a previous X-ray study of swollen nerve, an electron density of 0.275 0.285 electrons/A3 was assigned to the low electron density region of the plasma membrane component. Thus, the region of low electron density was identified with the hydrocarbon chain region of the lipid components.4 The high electron density region presumably contains the remaining lipid components and the protein molecules. The reason for the difference between the thickness of the inner and outer layers is not known; in future work it is desirable to test whether or not these two layers do in fact have the same electron density. The usefulness of the present model for nerve myelin is that it provides at low resolution a valid description of the one-dimensional membrane electron density distribution in the radial direction. Hence, it can be used to test the validity or correctness of any proposed molecular arrangement for nerve myelin.
Summary.-An electron density strip model for nerve myelin is described. The low electron density width within the plasma membrane is 22-25 A for the various peripheral and central nervous system nerves studied here. The inner (cytoplasmic) and outer (extracellular) layers of higher electron density are not of equal width; the outer layer is wider than the inner layer and this is true for both kinds of nerve. The model for live nerve myelin has cytoplasmic and extracellular fluid channels but the cytoplasmic channel is found to be collapsed when peripheral nerve myelin is swollen. The extracellular fluid channel in peripheral nerve is wider than the cytoplasmic channel but the fluid channels in the two central nervous system nerves have approximately the same width.
